One hundred thirty-eight Angus cross yearling steers (initial BW 390 ± 0.5 kg) were allotted by BW to a 3 × 2 factorial arrangement of 6 treatments (4 pens per treatment) to determine the effect of wet distillers grains (WDG) concentration (0, 20, 40% of dietary DM) in low-forage (12% hay) and high-forage (50% hay) diets on growth performance and marbling. Steers were implanted on d 0 with Component TE-S (VetLife, Overland Park, KS) and were slaughtered in 3 groups when final BW averaged 578 kg. Steers fed a low-forage diet gained BW faster (P < 0.001) than did steers fed a high-forage diet; the amount of WDG fed did not affect (P = 0.25) daily BW gain. Hot carcass weight and dressing percentage were greater (P < 0.001) for steers fed low-forage diets than for steers fed high-forage diets. Dressing percentage increased (P = 0.08) as WDG concentration increased. Longissimus muscle area (P = 0.08) and yield grade (P < 0.01) were greater for steers fed low-forage diets compared with steers fed high-forage diets. Longissimus muscle area (P = 0.02) and yield grade (P = 0.03) increased as WDG concentration increased. An interaction occurred for marbling (P < 0.01), fat thickness (P = 0.08), and PUFA content (P < 0.01). In steers fed low-forage diets, marbling score (325, 306, 265) and fat thickness (1.22, 1.07, 1.07 cm) decreased with WDG inclusion rates of 0, 20, and 40%, respectively, but in steers fed high-forage diets, marbling score (249, 282, 262) and fat thickness (0.89, 0.97, 0.81 cm) increased from the 0 to 20% inclusion rate and then decreased from the 20 to 40% inclusion rate. The inclusion of 0, 20, or 40% WDG increased PUFA content of beef from steers fed low-forage diets (6.9, 9.3, 10.6 g/100 g) but decreased PUFA content of beef from the 0 to 20% inclusion rate and then increased PUFA content of beef from the 20 to 40% inclusion rate in steers fed high-forage diets (8.5, 5.9, 7.8 g/100 g). In conclusion, when fed to a common BW end point, concentration of WDG in feedlot diets alters lean and adipose tissue deposition in beef cattle.
INTRODUCTION
Wet distillers grains (WDG) is rich in protein and energy relative to corn and is an excellent feed resource for feedlot cattle. Extensive research dating back to the 1980s has demonstrated the effectiveness of WDG as a protein and energy supplement in feedlot diets (Farlin, 1981; Firkins et al., 1985) . With regard to performance, daily BW gain is maximized in dry-rolled corn diets at the 30% inclusion rate and feed efficiency is maximized at the 50% inclusion rate (Erickson and Klopfenstein, 2006) . Optimal inclusion in high-forage diets is less clear. In high-fiber diets, feeding starch-rich grain as an energy source can suppress forage digestion. In the drymilling process, starch is removed from corn to produce ethanol, with WDG as a by-product. Therefore, replacing corn with WDG in high-forage diets may be able to decrease the negative associative effects that the energy from starch can have on fiber digestion.
Research data on the effects of feeding WDG on beef quality have been contradictory. Recent research (Huls et al., 2008; de Mello et al., 2008) indicates no effect of WDG inclusion on marbling scores, whereas other work (Corah and McCully, 2006; Ferrell et al., 2009) demonstrates that marbling decreases with increasing inclusion of WDG. It is unclear why marbling might be decreased when increasing amounts of WDG are fed; however, decreased starch availability in ethanol coproducts is believed to be a contributing factor (Schoonmaker et al., 2003; Corah and McCully, 2006) . Thus, we hypothesize that WDG (low-starch) inclusion in low-forage, high-grain (high-starch) diets decreases marbling but enhances PUFA content (healthfulness) of beef, whereas WDG inclusion in high-forage (lowstarch) diets increases marbling but diminishes PUFA content of beef. Our objective was to evaluate effects of feeding WDG on cattle performance, rumen fermentation, intramuscular and subcutaneous fat deposition, and fatty acid content of beef.
MATERIALS AND METHODS
Research protocols regarding animal care followed guidelines recommended in the Guide for the Care and Use of Agricultural Animals in Agricultural Research and Teaching (FASS, 1998) .
One hundred thirty-eight Angus cross yearling steers (initial BW = 390.2 ± 1.0 kg) were allotted by BW to a 3 × 2 factorial arrangement of treatments (4 pens per treatment; 5 or 6 steers per pen; 23 steers per treatment) to determine the effect of WDG (0, 20, 40% of dietary DM) in low-forage (12% hay) and high-forage (50% hay) diets on growth performance and marbling content. On arrival at the Iowa State Beef Center, steers were vaccinated against bovine rhinotracheitis, bovine viral diarrhea, parainfluenza-3, bovine respiratory syncitial virus, Haemophilus somnus, Pasteurella, and Clostridia (Cattle Master-4, Bar Somnus 2P, Alpha-7, respectively, Pfizer, Exton, PA), treated with IVOMEC (Merial, Duluth, GA) for internal and external parasites, and implanted with Component TE-S (provided courtesy of VetLife, Overland Park, KS). Initial BW was calculated as an average of BW obtained on 2 consecutive days.
Steers fed low-forage diets received, on a DM basis, 12% bromegrass hay; 0, 20, or 40% WDG; and 67.5, 57.0, or 45.0% dry-rolled corn (Table 1) . Steers fed high-forage diets received, on a DM basis, 50% bromegrass hay; 0, 20, or 40% WDG; and 30.4, 22.2, or 8.4% dry-rolled corn. All diets were balanced to provide 17.6 ± 0.2% CP (NRC, 1996) . Soybean meal was used as an alternative protein source, and soybean oil was used to balance diets for oil content. Diet compositions are shown in Table 1 . Fatty acid compositions of the diets are presented in Table 2 . Feed was offered once daily at 0800 h, and feed refusals were recorded daily for each pen. Feed efficiency was calculated as daily BW gain (g) divided by daily DMI (kg). Feed samples were taken every other week and were composited for analysis of DM, CP, ADF, and NDF.
On d 98, rumen samples were collected by stomach tube from 36 steers (6 steers per treatment). Although care was taken to exclude saliva from samples, rumen fluid collected by stomach tubing has the potential to be contaminated with saliva. One steer was selected from each pen and 1 additional steer was selected from one-half of the pens. Steers were selected on the basis of BW to represent the average BW for each specific treatment group. Feed had been removed 16 h before sample collection to ensure that variations in intake did not affect VFA concentrations. Rumen samples were snapfrozen in liquid nitrogen and stored at −20°C until later analysis. Volatile fatty acids in the rumen samples were quantified on a Varian 3800 gas chromatograph (Varian Inc., Palo Alto, CA) as butyl esters according to procedures described by Salanitro and Muirhead (1975) .
Cattle were slaughtered at 3 different time points (3 to 4 wk apart), when the average BW for a pen was estimated to be 578 kg. The 36 steers that had previously been selected for rumen sampling were slaughtered at O'Neill Packing (Omaha, NE). Muscle samples were collected from these steers immediately after slaughter, snap-frozen in liquid nitrogen, and stored at −80°C for further analysis. The remaining steers were slaughtered at Tyson Foods (Denison, IA). Hot carcass weight, fat thickness, KPH, LM area, and USDA quality and yield grades were determined for all cattle by qualified Iowa State University personnel 48 h after slaughter.
Lipids were extracted from beef of the subset of 36 steers according to the procedures of Bligh and Dyer (1959) , and fatty acids were derivatized as methyl esters by an acetyl chloride-catalyzed methanolysis derivatization procedure (Kramer et al., 1997) . The methyl esters of fatty acids from beef were quantified on a Varian 3800 gas chromatograph equipped with an automatic injector (Varian Inc.) to allow for 24-h continuous operation. A 100-m SP-2560 column (Supelco Inc., Bellefonte, PA) was used so that all fatty acids, including conjugated 18:2, were resolved. Fatty acid percentage was calculated by dividing individual fatty acid peak areas by the total of all fatty acid peak areas. An atherogenic index, as described by Ulbricht and Southgate (1991) , was calculated for each sample.
Data were analyzed using the MIXED procedures (SAS Inst. Inc., Cary, NC). For performance and carcass data, pen was the experimental unit and was included in the model as a random effect. For VFA data, animal was the experimental unit and was included in the model as a random effect. The model included the fixed effects of WDG concentration, forage amount, and the interaction of WDG and forage amount. Five covariance structures were compared for each variable (compound symmetric, autoregressive order one, heterogeneous autoregressive order one, spatial power, and unstructured), and the covariance structure that yielded the smallest Bayesian information criterion was used for the results presented. Least squares means were computed for all fixed effects and were separated using Student's t-test when a significant F-test (P < 0.05 or P < 0.10) was detected. Coefficients generated using the IML procedure (SAS Inst. Inc.) were used to detect linear and quadratic effects of WDG across all forage treatments and within forage treatments when a significant F-test (P < 0.05 or P < 0.10) was detected.
RESULTS AND DISCUSSION

BW Gain and Feed Intake
One steer was removed from the study for reasons unrelated to treatment. Final BW was similar among treatments and averaged 577.9 ± 6.6 kg (Table 3) . Steers fed low-forage diets gained faster (P < 0.01), were on feed for fewer days (P < 0.01), consumed less total DM (P < 0.01), and were more efficient (P < 0.01) than steers fed high-forage diets. Wet distillers grains concentration did not affect (P > 0.25) ADG, days on Effect of feeding wet distillers grains feed, or total DMI but increased feed efficiency linearly (125, 138, 139 g of BW gain/kg of DMI; respectively; P = 0.04). An interaction between amount of forage and amount of WDG in the diet occurred (P = 0.04) for daily DMI. In steers fed low-forage diets, daily DMI did not differ (P > 0.10), but in steers fed high-forage diets, daily DMI responded quadratically (P = 0.04) as WDG inclusion increased, with the least daily DMI occurring in the 40% WDG treatment.
The results of the current study are in contrast to many WDG reports. When steers were fed high-forage (Nuttleman et al., 2009) or dry-rolled corn-based diets (Larson et al., 1993; Al-Suwaiegh et al., 2002) , 25 to 30% of the dietary DM as WDG increased ADG, did not affect DMI, and increased feed efficiency compared with steers not fed WDG. High dietary lipid in all of the treatments in the present study may have contributed to the lack of a WDG response because energy density was similar among low-forage treatments and among high-forage treatments. Supplementing feedlot cattle with excess fat when fed varying forage-to-concentrate ratios has not been thoroughly investigated. Zinn and Plascencia (1996) , however, observed that the addition of 6% fat (DM basis) to low-forage diets (10% forage) did not affect ADG, decreased DMI, and improved feed efficiency by 3.4%, whereas the addition of 6% fat (DM basis) to high-forage diets (30% forage) increased ADG, decreased DMI, and improved feed efficiency 17.5%. Diets containing more than 8% lipid on a DM basis have been reported to decrease DMI, and 8% is suggested as a maximum for beef cattle diets (Zinn, 1994) . When lipid content of high-forage diets in the present study moved above this threshold (at 40% WDG), daily DMI was decreased, whereas lipid content of all of the low-forage diets was greater than 8%, indicating that DMI may already have been suppressed. Another complicating factor in the present study is that excess protein, in addition to excess lipid, was provided to cattle. Gunn et al., (2009) demonstrated that decreases in performance seen when distillers grains are increased from 25 to 50% of the dietary DM are the result of a combination of excess protein and fat in the diet. In contrast to much of the previous research on distillers grains, dietary protein and fat were both in excess for all treatments in the present study, potentially masking any effect of WDG on performance.
Ruminal VFA
Ruminal VFA data are presented in Table 4 . Total VFA concentration did not differ between low-and high-forage diets (P = 0.93) but was decreased linearly as concentration of WDG in the diet increased (P = 0.04). Molar percentages of propionate (P < 0.01) and valerate (P = 0.04) were greater, molar percentage of acetate was less (P < 0.01), and acetate:propionate was less in steers fed low-forage diets compared with steers fed high-forage diets (P < 0.01), but they were not different among steers fed different amounts of WDG (P > 0.31). Similar to the present study, Leupp et al. (2009) reported that total VFA concentrations declined as a result of WDG supplementation. Other reports (Ham et al., 1994; Peter et al., 2000) , however, have demonstrated that WDG supplementation does not alter total VFA production. Wet distillers grains has been shown to both decrease (Leupp et al., 2009; ) and increase acetate:propionate (Ham et al., 1994) . Propionate, the primary gluconeogenic precursor in ruminants, is thought to be the major substrate for marbling (Schoonmaker et al., 2003) . The data in the current study, however, indicate that total production of VFA may have a greater impact on marbling deposition. Ruminal caproate increased linearly and quadratically as dietary WDG increased (P < 0.05) in the present study. Ruminal ethanol infusion has been demonstrated to increase caproate concentrations (Pradhan and Hemken, 1970) . Thus, increased caproate concentrations in the present study may be the result of resid- Quadratic effect of WDG (P < 0.05).
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Linear and quadratic effect of WDG in the high-forage diet (P < 0.01).
ual ethanol in WDG, although this was not quantified. No significant effects of diet on any other organic acids were observed in the present study.
Carcass Characteristics
Carcass characteristics are presented in Table 5 . Hot carcass weight (356.6 vs. 338.2 kg), dressing percentage (61.6 vs. 58.5%), fat thickness (1.12 vs. 0.89 cm), percentage of KPH (2.3 vs. 2.1%), marbling score (298.7 vs. 264.5), and yield grade (3.0 vs. 2.7) were greater (P < 0.01) for steers fed low-forage diets than for steers fed high-forage diets. Longissimus muscle area was greater (P = 0.08) for steers fed low-forage diets than for steers fed high-forage diets (81.9 vs. 80.0 cm 2 ). Wet distillers grains inclusion (0, 20, 40%) increased dressing percentage (59.8, 59.9, 60.5%; linear; P = 0.08) and LM area (78.7, 81.9, 83.2 cm 2 ; linear; P = 0.02) and decreased fat thickness (1.04, 1.02, 0.94 cm; linear; P = 0.05), marbling score (294.4, 287.4, 263.1; linear and quadratic; P < 0.01), percentage of carcasses grading Choice or greater (33.8, 34.3, 10.9%; linear and quadratic; P < 0.01), and yield grade (3.0, 2.8, 2.7; linear; P = 0.03), respectively.
An interaction between concentration of forage and concentration of WDG in the diet occurred for marbling score, percentage of carcasses grading Choice or greater (P < 0.01), and fat thickness (P = 0.08). In steers fed low-forage diets, fat thickness decreased linearly as WDG concentration increased, but in steers fed high-forage diets, fat thickness responded quadratically, increasing from the 0 to 20% inclusion rate and then decreasing from the 20 to 40% inclusion rate. In steers fed low-forage diets, marbling score and percentage of carcasses grading Choice or greater decreased linearly as WDG concentration increased, but in steers fed high-forage diets, marbling score and percentage of carcasses grading Choice or greater responded quadratically, increasing from the 0 to 20% inclusion rate and then decreasing from the 20 to 40% inclusion rate. Larson et al. (1993) suggested that in dry-rolled corn-based diets, substitution of distillers grains for cereal grains does not affect carcass characteristics. More recently, however, inclusion of distillers grains in feedlot diets has produced more variable results (Al-Suwaiegh et al., 2002; Depenbusch et al., 2009; Vander Pol et al., 2009 ). The effect of WDG on fat thickness and marbling in low-forage diets in the present study is similar to results obtained by Depenbusch et al. (2009) Starch availability and differences in extent of ruminal and postruminal starch digestion seem to influence how dietary distillers grains affect carcass characteristics. Corrigan et al. (2009) demonstrated that increased processing of grains causes distillers grains to affect carcass traits negatively at a smaller inclusion rate and affects carcass traits more severely at greater inclusion rates. Replacing corn with WDG decreases the starch content of the diet but increases postruminal starch digestibility . Glucose, which is thought to be the primary precursor for marbling deposition (Smith and Crouse, 1984) is derived from ruminal (Schoonmaker et al., 2003) Effect of feeding wet distillers grains ibility could not compensate for a decrease in starch availability in the present study, as may be the case when steam-flaked corn is used in the diet. The increase in fat deposition from 0 to 20% WDG in cattle fed high-forage diets in the present study may be the result of a decrease in negative associative effects of starch on fiber digestion. It is also possible that replacing soybean oil with WDG improved fiber digestion. Fat supplementation is associated with a decrease in carbohydrate fermentation, a reduction in ruminal fiber digestion, and a shift in the site of digestion from the rumen to the hindgut (Sutton et al., 1983; Zinn, 1989) . In agreement, Vander Pol et al. (2009) observed that supplemental corn oil decreased the marbling score of heifers, whereas WDG did not, presumably because the oil in WDG was partially protected from rumen degradation and did not inhibit fiber digestion to the extent that corn oil did.
Fatty Acid Content of Beef
Fatty acid composition of the LM is presented in Table 6. The SFA content was less (46.11 vs. 47.7 g/100 g; P = 0.04) and PUFA content was greater (8.92 vs. 7.40 g/100 g; P < 0.01) in the LM of steers fed low-forage diets compared with the LM of steers fed high-forage diets. Reduced SFA content in the LM of steers fed low-forage diets compared with the LM of steers fed high-forage diets was due primarily to decreased concentrations of 18:0 (14.62 vs. 18.68 g/100 g; respectively; P < 0.01). The contents of 14:0 (2.73 vs. 2.17 g/100 g; P < 0.01) and 16:0 (25.75 vs. 24.24 g/100 g; P < 0.01), however, were greater in the LM of steers fed low-forage diets compared with the LM of steers fed high-forage diets. This is notable because SFA, 14:0, and 16:0 have the greatest effect on increasing serum cholesterol, whereas 18:0 has no effect on blood cholesterol (Keys et al., 1965) . In the present study, the greater PUFA content in the LM of steers fed low-forage diets compared with the LM of steers fed high-forage diets was due primarily to greater concentrations of 18:2 (6.7 vs. 4.9 g/100 g; P < 0.01). Concentrations of cis-9, trans-11 CLA and trans-10, cis-12 CLA, however, were greater (P < 0.01) in beef from steers fed high-forage diets compared with beef from steers fed low-forage diets. Monounsaturated fatty acids did not differ (P > 0.93) between steers fed low-forage diets and steers fed high-forage diets.
Saturated fatty acid and MUFA concentrations of the LM did not differ (P > 0.31) among WDG treatments. Polyunsaturated fatty acid content (7.7, 7.6, 9.2 g/100 g; P = 0.03) and PUFA:SFA (0.17, 0.16, 0.20; P = 0.02) increased as WDG concentration increased. There were, however, interactions between WDG concentration and forage amount that occurred for MUFA (P = 0.04), PUFA (P < 0.01), and PUFA:SFA (P < 0.01) content. Monounsaturated fatty acid content decreased linearly in beef as WDG concentration increased in the diets of cattle fed low-forage diets, but did not change as WDG concentration increased in diets of cattle fed high-forage diets (interaction; P = 0.04). The changes in MUFA were driven primarily by concentrations of cis-9 18:1, which decreased linearly in beef from steers fed low-forage diets, but did not change in beef from steers fed high-forage diets as WDG concentration in- Means within the same row with different superscripts differ (P < 0.10). 1 0, 20, and 40 indicate percentage of WDG in the diet. 2 Linear effect of WDG (P < 0.05). 3 Linear effect of WDG in low-forage diet (P < 0.05). 4 Quadratic effect of WDG in high-forage diet (P < 0.10). 5 Practically devoid = 100 to 199, slight = 200 to 299, small = 300 to 399, modest = 400 to 499, moderate = 500 to 599. 6 Quadratic effect of WDG (P < 0.10). 7 Linear effect of WDG in high-forage diet (P < 0.05).
creased (interaction; P = 0.06). In cattle fed low-forage diets, PUFA and PUFA:SFA increased linearly in beef as dietary WDG concentration increased, but in cattle fed high-forage diets, PUFA and PUFA:SFA responded quadratically, with the least concentrated amounts occurring in the 20% WDG high-forage diet (interaction; P < 0.01). The changes in PUFA and PUFA:SFA were driven primarily by changes in 18:2 concentration, Quadratic effect of WDG in high-forage diet (P < 0.05).
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Linear effect of WDG in high-forage diet (P < 0.10).
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Linear effect of WDG (P < 0.05).
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Linear effect of WDG in low-forage diet (P < 0.05).
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Quadratic effect of WDG (P < 0.05).
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Quadratic effect of WDG in low-forage diet (P < 0.05).
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Medium-chain fatty acids.
9
Long-chain fatty acids.
Effect of feeding wet distillers grains which increased linearly in beef from steers fed lowforage diets but responded quadratically in beef from steers fed high-forage diets (P < 0.01). Leheska et al. (2008) , similar to the present study, demonstrated that beef from cattle fed low-forage diets had decreased concentrations of SFA, 18:0, and CLA compared with beef from cattle fed high-forage diets. In contrast to the present study, PUFA and18:2 concentrations did not change (Leheska et al., 2008) or were decreased (Noci et al., 2005) and MUFA concentration increased (Leheska et al., 2008) in beef when grain was added to finishing diets. This discrepancy can be explained by the interaction of WDG and forage during rumination. Vander demonstrated that greater concentrations of unsaturated fatty acids reach the small intestine of cattle fed distillers grains compared with cattle fed corn oil, indicating that lipid in WDG may be more protected from microbial biohydrogenation than is lipid from corn oil. Inclusion of WDG in the present study decreased SFA content and increased PUFA content of both low-forage and highforage diets ( Table 2 ). The fact that WDG supplementation in low-forage diets increased LM PUFA content and that WDG supplementation in high-forage diets did not indicates that WDG may be more protected from ruminal biohydrogenation in low-forage diets than in high-forage diets. Atkinson et al. (2006) indicated that feeding low-forage diets can result in decreased ruminal biohydrogenation. Adding distillers grains to highconcentrate diets has been demonstrated to increase PUFA and 18:2 (de Mello et al., 2008; Depenbusch et al., 2009) and not change MUFA of beef (Depenbusch et al., 2008) .
Despite the positive healthfulness implications of increasing PUFA content of beef from cattle fed WDG, PUFA content of the LM was correlated negatively (r = −0.44; P < 0.01) with marbling score. A negative effect of PUFA on intramuscular adipose is not unprecedented. Polyunsaturated fatty acids can decrease insulin secretion (Manco et al., 2004) , which could decrease glucose uptake. Smith et al. (1996) , furthermore, demonstrated that PUFA can decrease adipocyte size and number in porcine adipocytes cultured in vitro. It may be that PUFA, although enhancing the healthfulness of beef, are inhibiting adipocyte growth in the present study.
Our results indicate that when WDG is replaced with equal amounts of protein and fat and cattle are fed to a common BW end point, performance is not affected, but lean and adipose tissue deposition is altered. Lean tissue deposition was improved by WDG supplementation in cattle fed low-forage and high-forage diets; however, marbling was compromised when WDG was supplemented to cattle fed low-forage diets. This change in carcass composition may be a result of altered VFA production. Decreased total tract starch availability caused by WDG inclusion may have decreased marbling deposition in cattle fed low-forage diets, whereas improved fiber digestion caused by fat being protected from ruminal degradation in WDG may have benefitted marbling deposition in cattle fed high-forage diets. Wet distillers grains, because it is greater in PUFA and is more protected from ruminal biohydrogenation in low-forage diets, increased PUFA content of steers fed low-forage diets, but not in steers fed high-forage diets. Increased tissue PUFA may be responsible for the shift from fat to muscle deposition in steers supplemented with WDG.
